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Unequal Access: Regulating V(D)J Minireview
Recombination through
Chromatin Remodeling
Alt and colleagues (Yancopoulos and Alt, 1985), sup-
poses that the packaging of the TCR and Ig loci into
chromatin differs in T cells and B cells, and that this
packaging varies according to the activity of the loci. In
accordance with this hypothesis, active V(D)J recombi-
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Lessons from TranscriptionHouston, Texas 77030
Chromatin is organized into repeat units called nucleo-
somes, which are in turn folded into progressively higher
order structures. Each nucleosome contains two mole-
The ability of the vertebrate immune system to respond
cules of the four core histones, H2A, H2B, H3, and H4
to a wide variety of antigens depends on the pro-
and 147 bp of DNA spooled around the outside of the
grammed rearrangement of genes encoding the antigen
histone octamer. A fifth histone, H1, binds to the exterior
receptor proteins, the T cell receptors (TCR) and immu-
of the nucleosome core and to the linker DNA between
noglobulins (Ig), during lymphocyte differentiation. Por-
cores. Interactions between core histones or between
tions of the receptors that encode the antigen binding
linker histones in neighboring nucleosomes facilitate
domains are assembled from separately encoded V
higher order chromatin packing.
(variable), D (diversity), and J (joining) gene segments.
Both individual nucleosomes and more folded struc-
Biochemical studies have shown that the V(D)J recombi-
tures limit access of trans-acting factors to DNA (see
nase machinery is composed of the RAG-1 and RAG-2
Sudarsanam and Winston, 2000; Wade et al., 1997 and
proteins plus at least one accessory protein (HMG1 or
references therein). These limitations have been exten-
HMG2). The recombinase binds to recombination signal
sively studied in the context of transcription. Distortion
sequences (RSS) immediately adjacent to the V, D, and
of the DNA wound around the histone octamer can pre-
J coding segments, brings an appropriate pair of DNA
clude factor binding, and the histones themselves can
segments together to form a synaptic complex, and
sterically hinder interactions of the DNA with other pro-
then introduces a pair of double-strand breaks (DSB)
precisely between each RSS and its adjoining coding
segment (Figure 1). The broken ends are then rejoined
in a recombinant configuration with the participation of
several double-strand break repair factors (Oettinger,
1999).
The Accessibility Hypothesis
Developing lymphocytes harbor seven complex immune
receptor loci (four TCR and three Ig) that are rearranged
by a common recombinase. However, TCR genes re-
arrange only in T cells, and Ig genes rearrange fully
only in B cells. In addition, recombination is regulated
temporally: specific loci (such as the Ig heavy chain
locus) rearrange early in differentiation, whereas other
loci rearrange as the cell matures. At many loci, produc-
tive rearrangements are allowed at only one allele (a
phenomenon termed allelic exclusion), placing further
constraints on choice of gene segments for recombina-
tion. How is the recombinase correctly targeted to the
appropriate RSS pair in these different cells, at the right
time and at just one allele? Equally important, how is it
Figure 1. Overview of V(D)J Recombinationprevented from recombining the wrong loci at the wrong
The recombinase is targeted to the V, D, and J coding segmentstime or in the wrong cells?
(rectangles) via recombination signal sequences (RSS; triangles),One way to achieve such tight control of recombina-
comprised of conserved heptamer and nonamer elements sepa-tion site choice is through differential regulation of the
rated by 12 or 23 bp spacer sequences. Efficient recombination
recombinase’s accessibility to the TCR and Ig loci. This requires a 12-RSS (white)/23 RSS (red) pair. Upon binding of the
“accessibility hypothesis,” proposed 15 years ago by RAG proteins (ovals), the 12/23 RSS pair is brought together to form
a synaptic complex. DNA cleavage ensues, generating two pairs of
ends: coding ends and signal ends. These broken DNA intermedi-
ates are joined with the participation of the double-strand break‡ To whom correspondence should be addressed (e-mail: syr@odin.
mda.uth.tmc.edu). repair machinery, yielding coding and signal joints.
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teins. Further occlusion of DNA sequences within a com- by the timing of their expression or their activation in
response to particular signaling pathways. Of course,pacted chromatin fiber can render them “invisible” to
regulators of gene expression as well as to basal tran- the remodeling activities themselves may also respond
to cellular signals, providing an additional layer of regu-scription proteins. In some cases, strategic placement
of a nucleosome may help to bring together sequences lation (Cheung et al., 2000). Chromatin remodeling for
recombination may proceed along similar lines (Figureto enhance factor binding, but for the most part, chroma-
tin is inhibitory to transcription. 2), ultimately affecting the exposure or sequestration of
an individual RSS.At least two major chromatin remodeling systems are
utilized to overcome the challenges of chromatin to tran- Mononucleosomes Inhibit RSS Cleavage In Vitro
Does chromatin actually limit VDJ recombination? Thescription. One is typified by the Swi/Snf and related
complexes, which are large, multisubunit ATP-depen- development of in vitro V(D)J cleavage assays has al-
lowed the effects of a nucleosome on this initial step ofdent remodeling activities. These complexes alter DNA–
histone contacts within a nucleosome in an as yet unde- recombination to be tested. In these systems, purified
RAG-1 and RAG-2 proteins, incubated with either of thetermined way and can also affect nucleosome location
(Sudarsanam and Winston, 2000). The second mode of nonspecific DNA bending proteins, HMG1 or HMG2, are
capable of efficiently cleaving substrates containingchromatin remodeling involves posttranslational modifi-
cation of the histone proteins, including acetylation, RSS in the presence of the appropriate divalent metal
ion (van Gent et al., 1997). Truncated “core” versions ofphosphorylation, and methylation (Strahl and Allis,
2000). These modifications, which occur in the amino the proteins lacking substantial portions of RAG-1 and
RAG-2 are used because these proteins are more solu-terminal tail domains of the core histones, alter DNA–
histone contacts within a nucleosome, histone–histone ble than the full-length versions. Using this system, three
groups independently found that RSS cleavage is se-contacts between nucleosomes, and interactions be-
tween the histones and other proteins. Together, these verely inhibited (up to 100-fold) in this chromatin context
(Kwon et al., 1998; Golding et al., 1999; McBlane andmodifications “open” chromatin at many levels.
In the last few years, the importance of chromatin Boyes, 2000). This inhibition appears to be largely at the
level of RAG binding (McBlane and Boyes, 2000; Kwonremodeling to the regulation of gene expression has
become exceedingly clear due to the identification of et al., 2000), although in one case, cleavage of an RSS
located near a nucleosome dyad remained blocked evenseveral histone modifying enzymes. In particular, in-
creased histone acetylation by histone acetyltransfer- in the face of RAG binding (Kwon et al., 2000). Thus, as
in transcription, individual nucleosomes impose signifi-ases (HATs) is associated with transcriptional activation,
whereas decreases in acetylation brought about by his- cant obstacles to the V(D)J recombination machinery.
Histone Acetylation and VDJ Recombinationtone deacetylases (HDACs) is associated with transcrip-
tional repression. These enzymes often function as co- Since histone acetylation plays a major role in modulat-
ing transcription factor access to chromatin, there isactivators or corepressors, respectively. They are not
bound to DNA directly but are brought to promoter re- considerable interest in determining whether histone
acetylation might also modulate recombination events.gions through interactions with sequence-specific, DNA-
bound activator or repressor proteins. An elegant set of experiments by McMurry and Krangel
(McMurry and Krangel, 2000) demonstrate that long-The emerging picture of chromatin modulation in tran-
scriptional regulation may provide insights to the acces- range changes in histone H3 acetylation accompany
specific V(D)J recombination events. These researcherssibility problem in V(D)J recombination (Figure 2). An
underlying question in both processes is how chromatin developed a series of transgenic mice containing a re-
combination reporter with unrearranged Vd, Dd, Jd, andis modified at the correct time and in the correct cells.
For transcription, a number of scenarios appear opera- Cd gene segments along with wild-type or mutated en-
hancer sequences. Complete V(D)J recombination oc-tive, which may ultimately reflect variations on a step-
wise process. In activation of globin loci, for example, curs in the presence of the wild-type enhancer, but only
V to D rearrangement occurs if the enhancer is deleted ornontargeted chromatin remodeling enzymes first pro-
vide a window of opportunity for binding of “initiator” mutated. Chromatin immunoprecipitation assays using
antibodies specific for acetylated isoforms of H3 re-factors to their target sites (see Schubeler et al., 2000
and references therein). These enhancer bound ele- vealed a tight linkage of H3 hyperacetylation to complete
V(D)J rearrangements, driven by the enhancer se-ments are then able to recruit additional chromatin re-
modeling activities to activate specific promoters. Tar- quences. Analysis of the endogenous TCRa/d loci also
revealed long-range changes in H3 acetylation drivengeted Swi/Snf or HAT complexes generally remodel a
limited chromatin domain near the site of their recruit- by enhancer (Ed and Ea) sequences. Using RAG2 null
mice, which are deficient in recombination, McMurryment, facilitating additional transcription factor binding
and ultimately, recruitment of RNA polymerase. Swi/Snf and Krangel demonstrated that these changes in H3
acetylation are upstream of recombination per se, indi-and HAT complexes work in tandem to regulate some
genes. For example, recruitment of Swi/Snf to the HO cating these chromatin modifying events are primary in
the regulation of RSS accessibility at these loci.promoter in yeast by the Swi5 transcription factor is
prerequisite to recruitment of the SAGA HAT complex. Consistent with these findings, McBlane and Boyes
found that increasing histone acetylation in pre-B cellsRecruitment of SAGA results in acetylation of an z1 kb
domain that allows binding of another transactivator, by chemical inhibition of HDAC activities enhanced VDJ
recombination (McBlane and Boyes, 2000). Importantly,SBF, which facilitates transcription (Cosma et al., 2000;
Krebs et al., 2000). In such scenarios, chromatin remod- cell- and stage-specificity of the recombination events
was maintained, indicating that global increases in his-eling is largely controlled by the binding of the initiator
proteins (such as Swi5), which may in turn be controlled tone acetylation do not increase accessibility at all sites
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Figure 2. Chromatin Remodeling and V(D)J
Recombination
The folding of DNA into chromatin is pre-
dicted to limit access of the RAG proteins
to recombination signal sequences (RSS) at
multiple levels. In this model, highly con-
densed and intermediate structures render
these sequences virtually invisible to the re-
combination machinery. ATP-dependent re-
modeling activities such as Swi/Snf and his-
tone modifying activities such as HATs trigger
unfolding of these higher order structures to
facilitate RAG access. Statistically, some
RSS will be within nucleosomes whereas oth-
ers will be in linker regions between nucleo-
somes in the unfolded structures, so chroma-
tin remodeling activities are also needed to
alter the structures and locations of single
nucleosomes. RSS become susceptible to
cleavage within nucleosomes remodeled by
Swi/Snf and in nucleosome free regions.
Additional mechanisms likely govern re-
combination site choice among those sites
rendered accessible by the remodeling activ-
ities.
and that other factors must contribute to chromatin domain of hyperacetylation observed upon activation
of recombination resembles this scenario. The openingopening.
In contrast to these results in vivo, two groups found of the globin domain requires a locus control region
(LCR), raising the question of whether recombinationalthat hyperacetylation of histones within individual
nucleosomes does not facilitate RSS cleavage in vitro LCRs exist as well. The requirement of enhancer se-
quences for the widespread acetylation of the recombin-(Golding et al., 1999; McBlane and Boyes, 2000). A third
group recently reported enhancement of cleavage in ing loci is consistent with this possibility, since LCRs
are composed of multiple enhancer elements. If LCRsacetylated mononucleosomes, but only in the presence
of HMG1 (Kwon et al., 2000). A role for the histone tails do exist for recombination, a significant task for the
future will be the identification of the factors that bindin limiting RSS cleavage in mononucleosomes is sup-
ported by the finding that removal of the tails by trypsin to these elements to confer cell- and stage-specificity.
It is worth noting that HATs can acetylate nonhistonedigestion can increase cleavage (Golding et al., 1999;
Kwon et al., 2000). proteins. Whether RAG1 or RAG2 are acetylated in vivo
is currently unknown, but this modification could affectThe differences in the effects of histone acetylation on
RSS cleavage in mononucleosomes observed in these in the activity of these proteins or their subcellular loca-
tions.vitro experiments may or may not be relevant in vivo,
considering the long- range effects on H3 acetylation Swi/Snf Regulates RSS Accessibility to Cleavage
in Mononucleosomesobserved by McMurry and Krangel. Such domain-wide
changes likely reflect an effect of histone acetylation on Other chromatin remodeling activities are likely to be
important for V(D)J recombination as well. Swi/Snf-likehigher order chromatin structures, which may present
a major hurdle to recombination. Acetylation alters the activities, for example, might overcome both higher or-
der and nucleosomal limitations to V(D)J recombinationstructure and charge of the histone tails, changes that
cause unfolding of nucleosome arrays in vitro and which by altering DNA–histone contacts or nucleosome posi-
tions relative to particular RSS. Indeed, Kwon et al. re-are also likely to alter interactions between neighboring
core particles in vivo. ported in this month’s issue of Molecular Cell (Kwon et
al., 2000) that stable modification of mononucleosomesHistone acetylation is increased broadly across entire
domains (such as the globin locus) as they become by Swi/Snf enhanced RSS cleavage in vitro. As ex-
pected, this enhancement is ATP-dependent; interest-competent for transcription. In some regards, the large
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ingly, it also required HMG1. One particular RSS assem- structure of chromatin in the vicinity of a DSB to allow
bled at the dyad of the nucleosome remained refractory access of repair factors important for the joining phase
to cleavage, whereas cleavage of another RSS in a simi- of V(D)J recombination.
lar nucleosomal position was enhanced by Swi/Snf. Questions for the Future
These findings suggest that, at least in vitro, Swi/Snf The effects of chromatin on V(D)J recombination may
remodeling is not universally effective at increasing ac- not be so surprising, given the importance of chromatin
cess of the recombination machinery to RSS. remodeling to transcription. Indeed, chromatin quite
Since Swi/Snf and HATs such as SAGA work together likely influences all processes that utilize DNA as sub-
in the transcriptional activation of some genes, Kwon strate. We now know that the most basic element of
et al. tested the combined effects of Swi/Snf and histone chromatin, the nucleosome, can limit recombination and
acetylation on RSS cleavage in mononucleosomes. that chromatin remodeling activities can at least partially
They found that Swi/Snf and histone acetylation act overcome this obstacle in vitro. It is also clear that alter-
in concert to increase RSS cleavage, suggesting both ations in histone acetylation accompany the activation
remodeling events could contribute to the regulation of of recombination in vivo. We are still left with the ques-
VDJ recombination. tions of how remodeling activities are recruited to the
A Role for the RAG Proteins in Regulation right recombination sites, in the right cells, at the right
of Accessibility? times. Identification of factors that target these activities
The foregoing discussion implies that the recombinase will no doubt be a focus of intense research in the near
plays a passive role, its ability to access recombination future, as will be the kinetics of chromatin opening rela-
sites at the mercy of chromatin structures determined tive to the initiation of recombination. Whether transcrip-
by other factors. We cannot, however, exclude the pos- tion itself plays a part in the initiation of chromatin open-
sibility that the RAG proteins play a more active role in ing for recombination is also still a significant question.
recognizing substrates that are packaged in a particular In addition, determining how chromatin is “closed” at
chromatin structure or are associated with specific nonproductive sites once a productive recombination
trans-acting factors. The C terminus of RAG-2, although event has been achieved is critical to our overall under-
dispensable for recombination of artificial substrates standing of the regulation of V(D)J recombination and
and Ig heavy chain DH to JH rearrangement, is required the coordination of chromatin remodeling events.
specifically for VH to DJH rearrangement (Kirch et al.,
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